Abstract Seismic subsidence of loess had been verified by microstructure characteristic, dynamic triaxial test and in situ simulation test using blasting vibration. It has gradually become a significant subject in the field of geotechnical earthquake engineering. Loess is widely distributed in China, which typically has a loose honeycomb-type metastable structure that is susceptible to a large reduction in total volume or subsidence upon ground motion. Seismic subsidence contributes to various problems to infrastructures that are constructed on loess. This paper provides a review of state-of-the-art work on mechanism, microstructure characteristic and physical mechanics mechanism of the seismic subsidence. Furthermore, the comprehensive explanation, basics and earlier research performed on subsidence amount estimation, seismic subsidence assessment and corresponding preventions of disasters have been presented briefly. The literature review shows that some significant problems, for example, appropriate theoretical basis, multi-variable coupling in assessment, physical processes, mechanical mechanism in estimation, and so on require constant research and development work to overcome the aforementioned factors. Specifically, research on quantitative relation between macro-mechanics and microstructure cannot proceed only from experimental parameters but should establish theoretical connection between them. Further study on seismic subsidence must be developed under the theory of unsaturated soil mechanics. In addition, research on chronological and spatial development law of large-scale seismic subsidence, prediction of subsidence value and anti-seismic analysis of underground structures can be conducted in future.
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due to a ground shock, additional load or emerging water (Feda 1988; Dijkstra et al. 1994; Derbyshire 2011; Delage et al. 2008; . Previous research and investigation indicate that water sensitivity and vulnerability have contributed to these serious damages Feda 1966; Lai et al. 2016a, b, c) . Seismic subsidence refers to sudden settlement of loess under seismic load. Its essence is the reconsolidation caused by soil deadweight or external loads while the structural strength of the loess is subjected to seismic damages (Fig. 2) . Meanwhile, loess structure has an obvious critical dynamic stress, which is contributed to seismic subsidence (Xie 2001) . The earlier investigation had mainly been carried out under the saturated soil mechanics theory due to limitations of unsaturated soil testing technology (Zhang 1983; Lai et al. 2018c) . Microcosmic analysis technology and dynamic triaxial test (DTT) were employed to conduct research on influence factors, seismic subsidence mechanism and subsidence amount estimation (Zhang and Duan 1986) . Since the earthquake occurred in Xingtai and Tangshan regions, China, seismic subsidence and other associated problems, such as differential settlement, earth cracks, landslides and falls, have contributed to serious damages to the infrastructure that is constructed on loess, including loss of human lives. For this reason, seismic subsidence and corresponding research on loess have been of significant interest for researchers and practitioners as well as the key research content of loess dynamics. The Fig. 2 Diagrammatic sketch of the SSL (Ishihara et al. 1984; Zhang and Duan 1987a, b) Nat Hazards (2018 Hazards ( ) 92:1909 Hazards ( -1935 Hazards ( 1911 further research of seismic subsidence of loess (SSL) requires new ideas on the basis of unsaturated soil mechanics theory (Sun et al. 2012a, b) .
Over the past few decades, considerable achievements have been obtained in the study of the SSL. For example, Wang and Zhang (1993) studied potential influencing factors, such as water content, void ratio, consolidation stress, shake frequency, dynamic stress, load type, predominant period, effective duration, peak value, and so on. Li et al. (1985) discussed the effect of void ratio on residual strain. Yu and Xie (1986a, b) conducted the research on the influence law of water content on residual strain. Ishihara et al. (1984 Ishihara et al. ( , 1987 described a series of residual strain test results on conducted laboratory tests inputting seismic wave into dynamic triaxial apparatus. Based on previous research achievements, Wang et al. (2003a, b) conducted a more comprehensive analysis on influencing factors of the SSL, such as consolidation stress, shake frequency, load type, predominant period, effective duration, peak value and physical parameters (i.e. water content, void ratio and dry density), and then pointed out relationship between seismic subsidence and structural characteristics. Furthermore, based on empirical formula of loess residual strain, an estimation method for seismic subsidence amount was proposed. Sun et al. (2012a, b) analysed physico-mechanical mechanism of dynamic residual strain of loess, and then the concept of generalized suction was introduced to establish seismic subsidence estimation model in view of the physico-mechanical mechanism. In practical engineering, especially in loess region, ascertainment of initial judging criteria for seismic subsidence is an important aspect. The well-directed control and prevention of seismic subsidence may be achieved based on a timely evaluation of seismic subsidence, which has a great significance in engineering construction Lai et al. 2015 Lai et al. , 2018a . This article provides a review of recent research on mechanisms of seismic subsidence, probability assessment method of loess seismic subsidence, subsidence amount estimation and treatment technology in loess foundation. The comprehensive summary provided in this paper can be useful for addressing problems associated with loess seismic subsidence and for proposing more efficient approaches in future.
2 Background and an overview on SSL
Background
The loess, with large pore, weak cementation and collapsing structural characteristics, has great vulnerability under dynamic load. MELBELEB had long suggested that 1-m subsidence can be found in loess region under strong earthquake. Historically, many provinces and regions, such as Shaanxi, Gansu, Ningxia and Shanxi, had encountered many disastrous earthquakes in the Loess Plateau of China. There are 22 earthquake records with MS above 7.0; especially 1556 Huaxian earthquake with MS 8.2 in Shaanxi province, 1920 Haiyuan earthquake with MS 8.5 in Ningxia province and 1927 Gulang earthquake with MS 8.0 in Gansu province had caused the hundreds of thousands of casualties. It is undeniable that these serious seismic hazards cannot be separated from the dynamic load vulnerability of the loess. And some photographs of typical examples for seismic subsidence in loess region of China are presented in Fig. 3 . Seed (1968) previously ascribed the loess tableland landslide that occurred in an 8.5-magnitude earthquake in Haiyuan region in 1920 to ''Liquefaction'' or ''Gasification'' and pointed out that the damage was caused by the soil collapse after soil structure failure.
Historical data from an 8-magnitude and a 7.5-magnitude earthquake in Huaxian, 1556, and Tongwei, 1718, Shaanxi, respectively, confirmed that ground fissures were found scattered everywhere in meizoseismal area. Even worse, ground subsidence in some parts was over 1 m, which leads to the phenomenon of ''Flat rift'' (Zhang and Duan 1987a, b; Zhang et al. 2005) . The loessial collapse and subsidence in the earthquake field are fairly common. Therefore, the study involved in residual deformation of loess under dynamic load and the corresponding treatment measures are urgent problems and challenges to be solved for disaster reduction.
Concept and mechanism
MELBELEB (1981) drew a conclusion from the aforementioned data that dry loess soils could generate 1 m subsidence and called this damage as ''Residual deformation''. In 1986, Zhang (Zhang et al. 1999; Wang et al. 2008a; b; Wang 2007 ) put forward the concept of ''Seismic subsidence of loess'' at an International Conference on Engineering Geology in Seismic Area. From then on, the prelude to the research of the SSL commenced.
The investigation on seismic subsidence mechanism has experienced a long and gradual process from the early 1980s. First, many researchers had mainly forced on studying constitutive relation between residual strain and seismic subsidence. Then, the formation mechanism of seismic subsidence and corresponding stress-strain relation were discussed. Finally, combined with a physical basis of subsidence formation (i.e. microstructure), seismic subsidence mechanism was investigated in a meticulous and deep-going way. In Nat Hazards (2018 Hazards ( ) 92:1909 Hazards ( -1935 Hazards ( 1913 summary, the discussions on seismic subsidence mechanisms are summarized under three different categories:
1. In terms of soil dynamics, seismic subsidence is defined as a residual strain (i.e. a residual strain of loess under dynamic load). Simultaneously, in the DTT of seismic subsidence under constant amplitude cycle loading, this is also described as the height ratio of specimens before and after the function of dynamic stress (Liu et al. 2016) , as shown in Fig. 4 .
where e p (N) is the residual strain produced by dynamic stress acting on N times; H and H(N) are specimen heights before and after dynamic stress. 2. Loess is mainly composed of soil particles and pores. Therefore, it is reasonable and inevitable for loess structure to produce a significant number of overhead pores (Zhang and Liu 2010; Luo et al. 2017b) . Moreover, it is relatively difficult to produce a significant deformation for the soil particles with the large structure stiffness under earthquake or other external loads. Hence, seismic subsidence is attributed to relative changes of pore size as a result of ground shock (Wang 2003; Li et al. 2017 ). 3. From the aspect of disaster, seismic subsidence exhibits the sudden surface settlement of unsaturated and low-humidity loess sites under earthquake action (Shang et al. 2013 ).
In general, based on the aforementioned summary, the mechanism of seismic subsidence can be described as a phenomenon that collapse failure of overhead pore structure in loess under earthquake action.
Overview on SSL response characteristics
As a typical unsaturated soil, dynamic residual strain under large dynamic load is a prominent problem in dynamic characteristic investigation (Xie 2001; Qiu et al. 2017a; Wang et al. 2017) . In earlier interpretations on loess residual strain, the influence parameters had already become a key point. Subsequently, incessant research and development work have been conducted on the basis of various parameters. In summary, there are three major aspects in the SSL study: (1) influence of physical parameters on seismic Fig. 4 Typical dynamic triaxial test of loess and definition of dynamic residual strain (Sun et al. 2012a, b) . a Vibration triaxial apparatus. b Definition of dynamic residual strain subsidence; (2) relationship between microstructure characteristics and seismic subsidence; and (3) quantitative research according to physical process and mechanics mechanism of loess.
Seismic subsidence was always interpreted considering interconnection establishment between influence parameters and physical mechanics. The examination of influencing factors may be contributed to understand physical process and seismic subsidence mechanism. The analysis of physico-mechanical mechanisms contributes to induce dominant factors. Therefore, enhancing research work on these two aspects will help to further explore and analyse subsidence characteristics and mechanisms.
Influencing factors
The surface tension in soil pores increases with a decrease in water content, which is the main factor to determine the mechanical properties of loess (Ayman and Vermeer 2009). This force leads to an increase in the sliding resistance between soil particles. Under action of external environment, the distinctive physical parameters of seismic subsidence loess were formed. (c.f. Fig. 5 ).
Research work on the influence parameters of the SSL can be summarized into two groups. One is physical parameters and soil stress conditions related to loess strength, such as water content, void ratio, density, initial elastic modulus and consolidation pressure, and so on (Shi and Yu 1992; .
For compacted loess, loess with higher dry density develops less subsidence under the same dynamic load. However, there is a critical value above which there will be no obvious improvement in seismic subsidence resistance of loess . Water content is also important, and low water content means intense particle friction. Therefore, no seismic subsidence is observed for loess samples with water content less than the shrink limit (Yu and Xie 1986a, b) . The plastic index (I P ) also affects the SSL. Samples, shown in Fig. 6 , with higher I p have less seismic residual strain. Interestingly, the factor having the closest relation with seismic settlement of loess is the initial dynamic elastic modulus (E 0 ) (see Fig. 6 ).
The other group includes dynamic load conditions related to seismic load characteristics, such as shake frequency, load types, predominant frequency, effective duration and peak value, and so on. Among them, predominant frequency of earthquake load shows sharp influence on seismic subsidence (Deng and Fan 2011; Deng 2010; Yuan et al. 2004) . In general, the stronger and longer dynamic loading, the larger seismic subsidence would undergo. Main influences of the aforementioned factors on seismic subsidence are summarized in Table 1 . (2018) 92:1909-1935 1915 
Physical mechanics mechanism
During the loess formation in unsaturated soil, three-phase coupling of solid, water and gas forms the initial generalized solid mechanics characteristics of loess upon established stress condition (Abed and Vermeer 2009; Lai et al. 2016a, b, c; Wang et al. 2018b ). However, there are precious few studies on physical and mechanical mechanism of loess. The research of the SSL based on physical and mechanical mechanism introducing the theory of soil mechanics strength and deformation and combining with the unsaturated soil theory would be a new development direction. Zhang et al. (2002) adopted the finite element method (FEM) to make qualitative studies on relationships between seismic subsidence characteristics and site conditions, soil dynamic characteristics, basic forms, etc. Considering the matrix suction with relevant physical parameters such as water-air system, water content and dry density of unsaturated soil, Shen (2006) proposed the concept of generalized suction. Sun et al. (2012a, b) analysed physical and mechanical mechanism of dynamic residual strain of loess and provided quantitative relationships among dynamic residual strain of unsaturated loess e, Poisson's ratio t, initial void ratio e i and void ratio decrement De (i.e., De = e i -e f , e f is The cumulative residual strain increases with the increase of effective duration under the same dynamic load void ratio after deformation) based on the theoretical analysis. The following model can be obtained:
Furthermore, Sun et al. (2012a, b) summarized key parameters that affect dynamic residual strain of loess into two groups: that is, cohesion and internal friction angle that reflect soil strength characteristics; void ratio and external load features that reflect characteristics of soil settlement and energy input by introducing the aforementioned generalized suction. Sun et al. (2011) considered that dominant influencing factors for loess seismic subsidence include soil physical properties, ground motion and site characteristics. Specifically, these parameters include cohesion and internal friction angle (i.e. loess strength characteristics), void ratio (i.e., settlement value characteristics), intensity and spectrum of ground motion, and geographic and geomorphic conditions, etc. A transition parameter (i.e., residual structural strength) that dominates development characteristics of seismic settlement quantity under different subsidence conditions was introduced to analyse the interaction mechanism of these factors. Additionally, Sun et al. (2011) pointed out that void ratio under the condition of incomplete seismic subsidence was not compressed to its theoretical limit value and the void ratio may affect the development characteristics of seismic settlement quantity by controlling the final value. The interaction mechanism of these factors is shown in Fig. 7 .
Microstructure characteristics
Since the concept of soil microstructure was first proposed by Terzaghi in 1925, research on microstructure has been conducted for considerable time. A large number of achievements are significantly conducive to explaining the mechanical behaviour of soil and its physical essence (Lapierre et al. 1990; Gao 1996; Delage et al. 2006; Romero and Simms 2008; Delage 2010; Muñoz-Castelblanco et al. 2012) . In China, scanning electron microscopy (SEM) was used to study the loess microstructure since the 1970s (Hu 1995; Qi et al. 2001) . Clearly, the loess microstructure was formed during loess deposition and corresponding Fig. 7 Interaction mechanism of influencing factors of seismic subsidence ). a Complete seismic subsidence. b Incomplete seismic subsidence Nat Hazards (2018 Hazards ( ) 92:1909 Hazards ( -1935 Hazards ( 1917 pedogenesis after deposition. Therefore, the diagenesis and formation environment in this process must leave a permanent mark on the loess microstructure, which reflects the distinctive soil structure and determines the seismic subsidence and other engineering geological properties Wang et al. 2018a; Yan et al. 2017; Zhang et al. 2018) . And some representative SEM photographs of loess are shown in Fig. 8 . Fig. 8 Typical SEM photographs of loess ). a Contact relation of loess microstructure. b Pore form of loess microstructure
Loess has a meta-stable structure, and its structural alignment is not in an unchangeably stable condition. It is widely accepted that microstructure plays a key role in controlling the seismic subsidence behaviour. However, it lacks a simple quantitative descriptor for estimating subsidence deformations (Dijkstra et al. 1995; Barden et al. 1973; Assallay et al. 1997) . Based on loess microstructure, many scholars firmly believe that seismic subsidence is closely related to pore structure, which could account for the seismic subsidence formation (Zhang 1983; Wang 2003) . The SSL is a comprehensive response of microscopic behaviours to dominant factors, and its microstructure characteristics are concrete forms of the microscopic behaviours . In general, the study on loess microstructure mainly focuses on microstructure characteristics, effect of pore distribution and formation mechanism of seismic subsidence, and then reaching a comprehensive understanding on analysis and assessment of seismic subsidence. Therefore, microstructure research not only contributes to understanding of macroscopic characteristics, but also has significance for exploring functioning mechanism of a large number of factors affecting seismic subsidence.
The loess structure is an important characteristic that distinguishes it from other soils. Study on the microstructure of seismic subsidence originally stems from the collapsibility microstructure (Zhang 1983; Zhang et al. 2017) . Gao (1980a, b) stated that loess microstructure can be analysed in terms of three key factors based on the comprehensive studies on microstructure of loess, i.e., particle pattern, contact relation and pore form. These three factors are dependent on each other; however, the pore form is suggested as the dominant factor that has more influence on the collapse behaviour, as shown in Fig. 9 .
Subsequently, considering actual structure categories in loess, Gao (1980a, b) divided loess into twelve kinds of microstructure categories based on primary and secondary positions of the aforementioned three aspects and their relationships with each other, as shown in Table 2 (i.e., the degree of collapsibility is from strong to weak). Based on the similarity of loess collapsibility and seismic subsidence in structural changes, Wang (2003) considered that the structure classification can basically reflect reality of the SSL. Meanwhile, many researchers and research achievements support and verify rationality as well as applicability of the classification (Deng et al. , 2013 Shi et al. 2002) .
In in situ verification tests, Shi et al. (2002) analysed microstructure characteristics, particle morphology, seismic subsidence coefficient and critical dynamic stress of Q 3 loess by adopting SEM (see Fig. 10 ). The results show that loess microstructure category has great influences on seismic subsidence coefficient as well as is closely related to critical dynamic stress and indicate that the classification can truly reflect the fact of the SSL. Deng et al. (2007 Deng et al. ( , 2013 obtained relevant loess parameters by processing SEM images based on the loess study from Xian, Baoji, Shanxi, Lanzhou, Tongwei, Yongdeng, Huining and other regions in China. A comparative analysis between parameters and seismic subsidence coefficient was also conducted, proving that practicability of the classification was quite rational in practical engineering (c.f. Fig. 11 ).
With the development of the SEM, quantitative research on loess structure has gradually increased. Based on the geometric quantization data acquired by digital SEM, established calculation model of seismic subsidence coefficient and considered that the SSL was the macroscopic performance of multiple catastrophe process in continuous destruction of the overhead pores. Furthermore, dynamic stress-strain process was divided into five stages: elasticity, plastic filling, shear expansion, and compression hardening, fracture softening, and rheological yield. According to SEM results, Shi and Qiu (2011) established structural damage model of the seismic subsidence by using microscopic damage mechanics and structural mechanics. According to pore changes and particle arrangement before and after seismic subsidence, Gu et al. (2011) and Qiu et al. (2010) analysed the relationship between seismic subsidence coefficient and variation of microstructure parameters, such as effective pore diameter, pore fractal dimension, connectivity and particle orientation.
4 Probability assessment and estimation of seismic subsidence
Probability assessment of seismic subsidence
The most direct application of the research results-based influence factors of the seismic subsidence is to propose initial judging index of loess seismic subsidence. For the loess site, whether the DTT is needed or not for studying subsidence characteristics and values can be determined by the preliminary understanding of the SSL. Therefore, the assessment of seismic subsidence can not only be used to estimate risk, but also provide guidance for further work of the damage assessment.
Earlier research on loess seismic subsidence mainly focused on analysing the relationships between soil physical parameters, stress conditions, loading conditions and dynamic residual strain, and corresponding probability assessment methods that were Fig. 9 Main characteristics of loess microstructure (Gao 1980a, b) mostly gained depend on microstructure change, void ratio, dry density, wave velocity and SPT (Gu 2007; Su et al. 2007; Xu et al. 2006; Chen et al. 2003; Lai et al. 2016a, b, c) . These methods mostly use interval values of the parameters to quantitatively assess loess seismic subsidence. However, practical applications of these methods may be influenced by some non-ignorable factors, as shown in Table 3 .
Seismic subsidence is the character of additional soil settlement under earthquake action that is related to earthquake load and soil properties Yan et al. 2018) . It is a variable behaviour affected and controlled by various factors. Clearly, the aforementioned studies are mostly quantitative evaluations of the seismic subsidence parameters within the given range and do not provide occurrence probability. There are usually two or Nat Hazards (2018 Hazards ( ) 92:1909 Hazards ( -1935 Hazards ( 1921 more parameters in assessment where coupling interactions must exist among the parameters. However, the assessments do not take these coupling interactions into account.
To address these problems better, two main aspects should be considered: (1) seismic subsidence is the soil property under multi-factor coupling in which various factors have mutual restriction relationships. Consequently, it is essential to develop analysis on seismic subsidence assessment under multi-factor influencing effect. (2) The probabilistic prediction of loess seismic subsidence based on the following ideas should be conducted, as shown in Fig. 12 . In addition, the conception combined with probabilistic analysis for evaluating seismic subsidence probability proposed by Sun et al. (2013) may be an ideal direction.
Estimation of subsidence amount
The seismic subsidence estimation is a significant link, and reasonable evaluation can provide basic direction for seismic design and treatment methods for engineering foundation. Subsidence amount could be obtained quickly and effectively by seismic subsidence coefficient of loess, which can be gained directly and credibly by DTT. However, when seismic subsidence coefficient is applied to the evaluation of field seismic disaster, a lot of work needs to be done. The subsidence amount is affected by the variation of parameters, and there should be some objective mathematical relationships between them. Silver and Seed (1971) and Seed and Silver (1972) were first to propose estimation method of subsidence amount for dry sand based on the dynamic shear test data. Subsequently, Ramadan (2007) and Chen and Lee (2009) also carried out similar research works. The estimation methods of sand seismic subsidence proposed by Silver and Seed are most widely used in engineering practice. In China, according to previous experimental investigations, Wang and Zhang (1993) conducted some seismic subsidence tests of undisturbed loess and established the empirical formula for loess residual strain in which physical parameters, consolidation stress, shake frequency and ground motion stress were taken into account. Furthermore, an estimation method for subsidence account of loess under earthquake based on the layer-wise summation method was proposed. Specific steps are as follows.
The dynamic shear stress of each layer of soil can be calculated by the following formula:
Correspondingly, the dynamic stress of loess is given by:
Seismic subsidence coefficient of each layer of soil is expressed as: Nat Hazards (2018 Hazards ( ) 92:1909 Hazards ( -1935 Hazards ( 1923 Then, the aforementioned formula can be amended by:
Finally, the total amount of seismic subsidence loess is obtained by:
where a max is the maximum ground acceleration; r i is the density of each loess layer; h i is the thickness of each loess layer; s di is the dynamic shear stress; k d is the reduction coefficient of dynamic stress; S 1 , S 2 are the slopes of different e p -r 1c lines; N is the shock time; r d0 is the initial dynamic stress of loess; r di is the dynamic stress of loess; e pi is the seismic subsidence coefficient of each loess layer; and B, C are the relevant parameters for seismic subsidence loess. Main structural factors influencing loess seismic subsidence are the overhead pores composed of silt, sand and clay particles. The overhead pore is the internal cause of pore destruction and particle rearrangement (Wang 2003) . According to loess DTT in Lanzhou and Xian regions, China, SEM results and comparison of experimental and calculated seismic subsidence coefficients, proposed the calculation formula for seismic subsidence coefficient considering the area of overhead pore (see Eq. 8). The corresponding verification results are shown in Fig. 13 .
where A 01 is the area of overhead pore; a, b are the dynamic parameters of loess skeleton; and r 1c , r 3c are the consolidation stresses. It can be seen from the results that calculated values of seismic subsidence coefficient in both places are in close agreement with experimental values, and curves are also in good agreement. Both the experimental and calculated values increase with the increase in overhead pore area.
To verify applicability of the aforementioned formula with different depths but the same site of loess, conducted in situ test and the DTT in Gaolanshan, Lanzhou region, China. The test results are presented in Table 4 . Fig. 13 Changes in calculated and experimental values of subsidence coefficient with overhead pores area ). a Xi'an region, b Lanzhou region It is confirmed that calculated values are in good agreement with test values for depth varying from 3 to 15 m, but a larger error exists at 20 m. This may be caused by microstructure changes of deep soil layer after unloading, which leads to overhead pore area differences between the measured values and the original states. Therefore, the more rational subsidence assessment in practical applications should be based on the correct understanding of the applicable depth for the formula.
Based on DTT data, several estimation methods for seismic subsidence were established. Among them, some are theoretical equations based on comprehensive statistical analysis of test data and others are empirical formulas with respect to physical principles, as shown in Table 5 .
However, most of these theoretical or empirical equations can be extended only for local soils for which they have been developed. In other words, the proposed equations are not universally valid for use in engineering practice. This is due to the fact that most estimation methods do not consider discreteness and randomness of soil physical properties or introduce the quantitative relationship between structural strength and seismic subsidence, which directly affects the reliability and applicability of the methods. Even so, these approaches have significantly contributed towards better understanding and estimation of the seismic subsidence loess soils. Conversely, the methods introduced by Sun et al. (2012a, b) are relatively more rational in which physical mechanics mechanism and dominant factors are considered.
Therefore, there are two key problems in the subsidence amount estimation in loess site: (1) conducting intensive research on physical process and mechanics mechanism of seismic subsidence and establishing assessment methods considering leading factors and parameters and (2) understanding variation and attenuation laws of seismic subsidence coefficient and ground motion with the depth as well as establishing more reasonable estimation models.
5 Seismic subsidence disaster and prevention
Disaster types
Seismic subsidence characteristics contribute to various problems with infrastructure that is constructed in loess region. In the engineering disasters caused by seismic subsidence, the Nat Hazards (2018 Hazards ( ) 92:1909 Hazards ( -1935 Hazards ( 1925 (2018) 92:1909-1935 1927 most visible forms are incline and collapse of buildings due to the inhomogeneous settlement of ground. As a result of the interaction between structures in soil and surrounding soil upon seismic subsidence, displacement or destruction may occur in underground pipelines, tunnels and pile foundations, and other underground structures, and then lead to other various engineering disasters (Cheng et al. 2018; Fang et al. 2017; Lai et al. 2018b; Liu et al. 2014; Luo et al. 2017a Luo et al. , 2018 Ni et al. 2015) . Engineering disasters caused by the SSL can be divided into direct disasters and indirect disasters. The direct disasters are attributed to subsidence accumulation of soils while the indirect disasters are caused by disasters of soil structures displacement or deformation due to the interaction between soil and structures. Main disasters are shown in Fig. 14.
Preventions for seismic subsidence
In general, previous research on prevention and treatment technology on seismic subsidence was mainly conducted in the field of the interaction between underground structures and soft soils (Dong and Zhou 2004; Hu 2008; Song et al. 2018) . In addition to sporadic findings about pile-soil interaction, studies on the safety problems of underground engineering involving SSL are relatively less frequent (Sun 2010; Zhao 2007; Lai et al. 2017 ).
The investigation on prevention technology lags behind other soils research, and it is incompatible with theoretical research. Therefore, there is an urgent need to conduct research on the safety of tunnels, subways and underground pipelines in the seismic subsidence. Due to the fact that seismic subsidence mechanism is similar to the loess collapsibility (i.e. soil compaction caused by destruction of overhead structures), prevention technology for the seismic subsidence disasters mainly draws lessons from the effective treatment technologies of loess collapsibility (Wang et al. 2003a, b; Qiu et al. 2017b Qiu et al. , 2018 , for example, dynamic compaction, compaction pile, chemical grouting, etc. Wang et al. (2001) investigated effect of the treatment technologies on improving seismic resistance in loess foundation and put forward the corresponding implementation processes and standards, as shown in Table 6 . Table 7 . It was postulated from results that in effective treatment depth range, all the methods could alleviate or eliminate the seismic subsidence of natural unsaturated loess foundation.
To adopt more effective methods for disaster alleviation, further investigations on different disasters and corresponding mechanisms should be conducted. For the direct disasters, alleviation or elimination of soil seismic subsidence may be a key point. For the indirect disaster, the interaction between soil and structures should be considered in construction design. Hence, the research on the interaction between underground structures and surrounding soil may help to avoid or solve the seismic damages in underground engineering. 
Concluding remarks
The DTT usually takes the relation between physical parameters or dynamic load characteristics and seismic subsidence as a research focus, but lacks the theoretical and quantitative analysis of loess dynamic response. Study on the microstructure of seismic subsidence mechanism-based pore change and solid particle arrangement characteristics cannot completely solve soil mechanics problems such as structural change and internal stress transfer of seismic subsidence soil. Currently, some studies have been conducted on physical mechanics mechanism as well as the interaction of loess dynamic deformation, and key parameter was analysed. However, the related research is still in its infancy and corresponding theorization and quantification are still weak. Based on the aforementioned investigations, the following conclusions and perspectives are summarized.
1. There are many factors and complex mechanisms influencing the SSL. Clearly, understanding dominant and subordinate factors affecting the seismic subsidence and studying the correlation among these factors can effectively make the research on mechanism, assessment and estimation of seismic subsidence more clear and definite. 2. Loess microstructure plays a significant role in understanding seismic subsidence mechanism. However, previous studies in which physical quantities were adopted to characterize microstructure are still in exploratory stage due to the existence of randomness and discreteness. Research on quantitative relation between macromechanics and microstructure cannot proceed only from experimental parameters but should establish theoretical connection between them. 3. Loess is a typical unsaturated soil and a three-phase composite medium of solid, water and gas. The surface tension existing in soil-water termination of soil pores is one of the main factors affecting its mechanical and engineering properties. The essence of seismic subsidence is the dynamic residual strain of unsaturated loess. Therefore, further study must be developed under the theory of unsaturated soil mechanics. 4. The seismic subsidence is a special earthquake disaster, while the earthquake is a small probability event. At present, in situ test of blasting simulated ground motion and large-scale vibration table simulation test may be the ideal ways to conduct research on approximate simulation of seismic subsidence. On the one hand, they can provide more reliable simulation tests than DTT microstructural analysis and numerical methods do. In addition, research on chronological and spatial development law of large-scale seismic subsidence, prediction of subsidence value and anti-seismic analysis of underground structures can be conducted based on the aforementioned tests.
